ABSTRACT. The historical evolution of an ancient forest that developed at Gaoyao, south China, can be divided into 4 stages of radiocarbon intervals (1.1-1.5, 2.0-3.5, 3.6-4.0, and 4.3-4.9 ka) in which the last 3 stages all developed in a wetland and formed humic layers of 2.0, 0.5, and 0.7 m depth, respectively. The humic layers were interrupted by 2 white-gray silty clay layers that most likely formed during climate fluctuations. Four drought events were identified during the evolution of the ancient forest, occurring around 4.3, 3.6, 2.0, and 1.1 ka, respectively, with durations of ~1000 14 C yr. These events are consistent with other records both in low-and high-latitude areas, in particular with the little ice ages occurring since the midHolocene. Precipitation likely increased from 5.0 to 3.6 ka in south China, then decreased, which is probably the main cause for the development as well as the demise of the ancient forest.
INTRODUCTION
Coherent high-and low-latitude climate variability during the Holocene has been widely reported from corals, marine and lake sediments, and stalagmite records (deMenocal et al. 2000; Bond et al. 2001; Yu et al. 2002; Wang et al. 2005) . However, evidence for unstable Holocene climate in southern China is still limited, and the interpretation of recently published high-resolution lake records is still under debate (Yancheva et al. 2007; Zhang and Lu 2007; Zhou et al. 2007 ). Here, we report results of an investigation on a 5.7-m-thick record of buried tree remains from the Gaoyao site in subtropical China.
In south China, especially in the Pearl River Delta, many well-preserved ancient forests dominated by Glyptostrobus pensilis were found buried underground. G. pensilis is a hydrophilous plant that prefers to grow along a river bank or wetland under warm climate conditions (Li and Xia 2004) . Although the buried forests are potentially useful for paleoclimate studies, very little is known about their historical evolution. Li et al. (2001) investigated buried timbers around Guangdong Province and suggested that a cooling equivalent to the "little ice age" during the Holocene probably caused the death of the ancient trees. Zong (2004) argued that the marine inundation around 3.0 ka was probably responsible for the disappearance of the ancient forests. However, there is a lack of accurate chronological controls on these studied ancient forests. In a more recent study at Sihui, south China, we have shown that lower precipitation was probably the main reason for the disappearance of the wetland and associated ancient forest (Ding et al. 2009 ). Compared to the buried forests at Sihui, the ancient forests at Gaoyao are more complicated. They consist of several development stages, and their development was interrupted 3 times. Therefore, we expect the buried forest profile at Gaoyao to provide more detailed information about local climate change. In this study, we first establish the 14 C chronology for the buried ancient forest at Gaoyao, then discuss the paleoclimate implications of variations in the content of the organic carbon and the composition of stable carbon isotopes ( 13 C). Figure 1 Map of historical (a) and present (b) distribution of Glyptostrobus pensilis, according to Li and Xia (2004) . The green star in (b) marks the sampling location at Gaoyao, south China.
SAMPLING AND METHODS

Historical and Present Distribution of Glyptostrobus pensilis in China
Glyptostrobus pensilis once covered much wider areas in the Northern Hemisphere, including the high Arctic in the Paleocene. According to fossil finds of G. pensilis, it was widespread along the coastal region of north, central, and southern China (Figure 1a ) with more than 6 species during the peak periods (Li and Xia 2004) . However, the plant was reduced to its current range before and during the ice ages. Today, the species is nearly extinct in the wild-only a few to tens of trees remain in a given area with only 1 species (Taxodiaceae)-and is mainly concentrated in southern China and Vietnam (Figure 1b; Li and Xia 2004) .
The reduction of the G. pensilis distribution range can be attributed mainly to climate variation. During the ice ages in the Quaternary, lower temperatures and less precipitation impelled the range of these plants southward. Hence, the present distribution of G. pensilis mainly concentrated in the wet climate areas with abundant precipitation also indicates the impact of climate, especially that of precipitation, on the plant (Figure 1b ).
Location Description
Gaoyao is located in central Guangdong Province, west of the Pearl River Delta (Figure 1b) . It belongs to a subtropical monsoon climate zone with a mean annual precipitation of ~1900 mm and an average annual temperature of 21 C. April through September is the rainy season, while November to January is the dry season (Yu and Peng 1995) . The region is mainly covered by monsoon evergreen broad-leaf forest with limited coniferous forest (Yi et al. 2007 ). The site is a small intermontane basin with an area of ~3 ha in southwest Gaoyao (225319N, 1121966E). The ancient forest was found buried in the soil of the basin at a depth of <1.0 m. The sampling profile is 5.66 m thick and can be divided into 6 layers. The uppermost layer (layer A) is 75 cm thick and composed of silty clay mixing with charcoal and plant detritus. In this layer, many well-preserved standing stumps were found (Figure 2a ). Below this were 3 humic layers (layers B, D, F), each filled with crossing buttress roots and trunks. Humic layers were interrupted by 2 white-gray silty clay layers (layers C, E) with thicknesses of about 27 and 36 cm, respectively (Figures 2b,c) . We took 72 samples, including 40 stump samples upstanding in layer A, 25 sedimentary samples, and 7 gas samples that were collected using a hand pump (Mityvac) with 16 mL in volume in other layers.
METHODS
Sedimentary samples were first dried by a freeze dryer (ALPHA 1-2LDplus). About 5 mg of fine roots (diameter <0.5 mm) with the same color as the sedimentary samples in humic layers, and charcoal and plant detritus from the top layer were picked out. About 2-3 g of sedimentary subsample was treated with 2M HCl to eliminate cohesive carbonate, and then rinsed with distilled water. The subsample was then treated through 0.2M NaOH and 1M HCl successively. Fine roots, charcoals, stumps, and plant detritus samples were treated in the following way. Pretreated subsamples were dried at 70 °C in an oven, then the subsamples were ground to mix well. Samples were placed into quartz tubes in the presence of silver wire and cupric oxide wire (CuO). After pumping down under vacuum and sealing using a gas torch, samples in sealed tubes were combusted at 850 °C in a muffle furnace for 2 hr to transform the organic carbon (OC) into CO 2 gas. The tubes were then cracked open in a tube cracker to release the CO 2 gas, which was purified using liquid N 2 (196 °C) and a liquid N 2  ethanol mixture trap (78 °C) in the vacuum system. The purified CO 2 was then transferred to a known-volume reservoir and quantified by measuring the CO 2 pressure. Successively, the purified CO 2 was divided into 2 portions with 1 portion containing 0.5-1.0 mg C for the preparation of graphite targets using the method developed by Xu et al. (2007) . The other portion was frozen in a vacuumed tube and sealed for stable carbon isotope analysis. The gas samples were purified and divided into 2 portions for analysis using the method above soon after they were sent back to the laboratory. Pretreatment and graphite preparations were carried out at the accelerator mass spectrometry (AMS) radiocarbon lab in the Key Laboratory of Isotope Geochronology and Geochemistry, Chinese Academy of Sciences (CAS). Graphite targets were measured using AMS at the State Key Laboratory of Nuclear Physics and Technology, Peking University. The 14 C data were calibrated using CALIB 5.01 (Stuiver and Reimer 1993) . The organic carbon (OC) content was determined by the amount of carbon in CO 2 and the initial amount of sample used in the CO 2 extraction.  13 C of the purified CO 2 gas was determined using a Finnigan MAT-251 mass spectrometer with a precision of ±0.2‰ in the State Key Laboratory of Loess and Quaternary Geology, Chinese Academy of Sciences in Xi'an. Results are reported as  13 C with the international Pee Dee belemnite (PDB) standard.
RESULTS
14 C data, OC content, and OC  13 C for the ancient forest profile at Gaoyao are shown in Table 1 . The 14 C ages of OC illustrated a typical increase with depth. The oldest 14 C age of OC for the sampled profile is 4.9 ka. Although the 14 C ages of fine roots showed an increase in age with depth, they were younger and less in a time sequence than the OC ones. The 14 C ages of charcoals and plant detritus found in layer A were similar to those of the OC (Figure 3 ).
The OC contents are significantly higher in the humic layers than in the silty clay layers, while the OC  13 C values positively shift when the humic layers change into the silty clay layers (Figure 4) .
DISCUSSION
Historical Evolution of the Ancient Forest at Gaoyao
The main reason for the discrepancy between the 14 C ages of fine roots and OC is that the fine roots grew underground within sediments that are older, and were preserved under the reducing environment. The 14 C ages derived from OC are considered to form an accurate chronology for the evolution of the ancient forest because the litters entered the sediment soon after they decomposed above the ground. Therefore, the 14 C ages of OC are expected to establish a chronology for the evolution of the ancient forest. Table 1 14 C data, OC content, and OC  13 C for the ancient forest profile at Gaoyao. a a14 C data were calibrated by CALIB 5.01 (Stuiver and Reimer 1993) . Errors are ±1 . Investigation of the 14 C ages taken from bark and core samples of upright tree stumps found in the top layer showed that the last Glyptostrobus pensilis forest developed between 1.5 ka and 1.1 ka, lasting for ~400 yr. Three humic layers represented another 3 stages for the G. pensilis forest (Figure 3 ). Stage I (1.00-3.75 m), Stage II (4.00-4.73 m), and Stage III (4.91-5.66 m)-with 14 C ages ranging from 2.0 ka to 3.5 ka, 3.6-4.0 ka, and 4.3-4.9 ka-lasted for about 1500, 400, and 600 yr, respectively.
Three stages of the ancient forest developed in the wetland. As Figure 4 illustrates, the OC  13 C values-which varied from 29.10‰ to 30.53‰, 29.97‰ to 30.72‰, and 29.97‰ to 30.87‰ in the humic layers B, D, and F, respectively-remained stable and similar within and between each layer. Combined with the high OC content in these layers, most of the OC was preserved due to a reducing environment. Considering the habitat of the living G. pensilis and the landscape, the study area was most likely a wetland during the 3 stages.
Comparison of the Ancient Forest Developed in Gaoyao and Sihui
A previous study (Ding et al. 2009) showed that the ancient forest in Sihui began to develop at ~4.2 ka and died out at ~3.3 ka. This corresponds to Stage II of the ancient forest that developed in Gaoyao ( Figure 5 ), implying that the ancient forest, as well as the wetland in Sihui, formed later but disappeared earlier than the forest in Gaoyao. The reason for the difference may be related to the different landforms. Although Sihui and Gaoyao have the same climate conditions, the Gaoyao area is a small intermontane basin, whereas there is a lowland in Sihui.
As indicated by the pollen data from Huangsha profile near the study area, an evergreen assemblage including Elaeocarpus, Quercus, Chamionii, Altingia, Apocynaceae, and Moreceae displayed a broad high percentage from 5.0 to 1.6 ka, indicating increased precipitation during that period (Li et al. 1991) . Corresponding to the 3 stages (I, II, and III) of the ancient forest, the pollen percentage reached 3 maxima at 4.0, 3.0, and 2.0 ka. With the increasing precipitation, the evergreen assemblage reached a high percentage in Huangsha at around 5.0 ka. Meanwhile in our study area, the wetland was formed and then the ancient forest flourished for the first time.
Formation of the White-Gray Silty Layer
Variations in the OC contents and the OC  13 C could reflect the decomposition state of OC and further indicate changes in the sedimentary environment . As shown in Figure 4 and Table 1 , the OC content ranges from 3.30% to 7.03% in layer A, lower than that in the humic layers, but close to the content in layers C and E (white-gray silty layers), which ranges from 1.00% to 7.51% and 8.84% to 10.54%, respectively.
The above difference was also reflected in the OC  13 C (Figure 4 , Table 1 ). Compared to the humic layers, the OC  13 C in layers A, C, and E is positively shifted significantly, especially in the center of the silty layers. Great variations in the OC contents and the OC  13 C between different layers indicated the different sedimentary environments.
The sedimentary environment of layers A, C, and E is more difficult to establish. There are 2 possibilities for the origin of the silty layers: the sediment being deposited in situ or from the outside. As shown in Figure 2 , the thicknesses of silty layers C and E throughout the area (at least 3 profiles) were similar. Given the difference in age of silty layers C and E of 300 and 100 14 C yr, if the silty layers consisted of foreign matter carried from surroundings, the lower place would have formed thicker silty sediments and the OC contents would be close to those in humic layers in the reducing environment. Therefore, we consider that the silt has not been transported and mainly formed in situ.
Drought Events and Precipitation Recorded by the Ancient Forest
In the study area, the wetlands gave way to dry land at about 4.3, 3.6, and 2.0 ka BP, respectively. These changes were likely related to climate events since the mid-Holocene as reported elsewhere (Bond et al. 1997; deMenocal et al. 2000) . As shown in Figure 6 , the drought events reflected from the historical evolution were consistent with the ice-rafting and cold events 3, 2, 1 recorded in the North Atlantic and north Africa, respectively (Bond et al. 1997; deMenocal et al. 2000) . Cooler and drier climate also occurred in the Asian monsoon climate zones during the same periods. Stalagmites from Dongge Cave indicate an abrupt decline in precipitation, with  18 O making a sharp positive shift at about 4.3, 3.5, and 1.7 ka (Wang et al. 2005) . When the East Asian summer monsoon weakened, the strengthened winter monsoon carried more Ti into the sediments in Huguang Maar Lake near the study area, resulting in high peaks of Ti content at about 4.3, 3.0, and 2.0 ka, respectively (Yancheva et al. 2007) . During these drought events, the wetland changed into dry land, and in such an environment the OC content decreased dramatically and OC  13 C shifted positively due (Wang et al. 2005) ; (e) titanium data from Huguang Maar lake, south China (Yancheva et al. 2007 ); (f) climate events record from ancient forest in Gaoyao, south China (this study). LIA = little ice age, according to Xu (1998) ; LFD = last forest developed.
to decomposition of the organic matter. These cold and drought events were also in agreement with little ice ages (H, F, D) speculated from written histories (Xu 1998) . Termination of the ancient forest evolution at 1.1 ka likely represented another climate fluctuation before the Little Ice Age that occurred between AD 1300 and 1850 (Xu 1998; deMenocal et al. 2000) . It was mostly noted in the low-latitude areas (Haug et al. 2001; Yancheva et al. 2007 ) and corresponded to the final stage of the Maya collapse (Hodell et al. 1995) .
The shifts between wetland and dry land reoccurred about every 1000 14 C yr, close to the approximate period of 1500 recorded in the North Atlantic area (Bond et al. 1997) , suggesting that the climate in south China varies not only in millennial scale but also in centennial scale.
The historical evolution of the ancient forests at Gaoyao, combined with the one at Sihui, represents a long-term trend for the precipitation in the region, which has been related to the East Asian summer monsoon since the mid-Holocene in south China. As inferred from the shifts between wetland and dry land in the study area, precipitation in south China increased around the mid-Holocene as evidenced by the formation of the wetland in Gaoyao at about 5.0 ka. Despite being interrupted by the drought event occurring at 4.3 ka, the continuous increase of precipitation resulted in the development of wetlands in Sihui at about 4.2 ka. Precipitation then decreased gradually since 3.6 ka, when the pollen percentage of Glyptostrobus pensilis reached almost 100% at Sihui. This finding is consistent with other paleoclimatic records in south China, suggesting the maximum East Asian summer monsoon precipitation occurred at around 3.0 ka .
CONCLUSION
The ancient forest at Gaoyao developed earlier than 5.0 ka and ended at ~1.1 ka. As evidenced from the historical evolution of the ancient forest, the climate since the mid-Holocene in south China was unstable and punctuated by 4 climate events, which occurred at 4.3, 3.6, 2.0, and 1.1 ka, with durations of ~1000 yr. These events may be correlated with other high-resolution records of cooling and drought events both in low-and high-latitude areas. The precipitation decreased since 3.6 ka, which caused the disappearance of the wetland and associated ancient forest around 3.3 ka at Sihui, and finally, the termination of the wetland at 2.0 ka at Gaoyao.
